Abstract-We present principles for tunnel-junction (TJ) design optimization for use in intracavity contacted long-wavelength vertical-cavity surface-emitting lasers (LW-VCSELs). Using the WKB approximation, we find that layer thicknesses of 10 nm on the n++ side and 10 nm on the p++ side are large enough to maximize quantum tunneling probability and small enough to yield low optical free-carrier absorption loss. We also conjecture that our experimental test structures and actual devices have far lower active acceptor concentration than we expect based on an analytical model. Finally, we calculate the necessary doping levels to enable single-mode operation of LW-VCSELs and incorporate these conditions into a complete optimized model of our VCSELs. Based on optimal -curves, we can expect an increase in single-mode output power from 2 to 3.5 mW.
I. INTRODUCTION
T UNNEL junctions (TJ) have found widespread application in high-frequency oscillators and thermophotovoltaic devices since their discovery in 1958 [1] - [3] . More recently, groups have incorporated TJ structures into long-wavelength vertical-cavity surface-emitting lasers (LW-VCSELs) in order to realize reduced optical loss, as well as current and optical confinement. LW-VCSELs offer a low-cost alternative to their in-plane counterparts in the access and metro-area network component market, but performance of these devices has been historically limited by the high resistance and excessive optical loss associated with high acceptor doping levels in the p-type distributed Bragg reflector (DBR) and current spreading layers [4] . In the last several years, groups incorporating TJ structures in LW-VCSELs have demonstrated multimode (MM) output power in excess of 9 mW and single-mode (SM) output power greater than 2.5 mW at 20 C and 1.5 mW at 70 C [5] - [9] . Several groups have also reported 3.125-Gb/s SM transmission up to 70 C [8] , [10] . Several other groups have also developed LW-VCSEL structures incorporating TJ layers which are lattice-matched to InP [11] , [12] .
While groups have presented work on the theoretical modeling and design principles of InGaAs and InGaAsN TJs on GaAs substrates [13] , little has been made public about the modeling and design of AlInAs-InP and AlInGaAs-AlInGaAs TJs developed on InP. Moreover, little work has been presented on TJ design for SM applications. The conventional wisdom on TJ growth has been to impress a maximum flux of carbon (C) atoms on a Hall calibration sample of the p++ layer and rely on the measured hole concentration to serve as the experimental limit. Unfortunately, this technique does not provide the most accurate or steadfast TJ design method for several reasons. First, the accuracy of the doping calibration is questionable since the actual AlIn(Ga)As p++ layer thickness (10 nm) is only of the prepared Hall sample thickness (1 m). Second, the amphoteric nature of C in AlIn(Ga)As can yield compensation effects reducing the overall hole concentration in the TJ [14] . Finally, since most of the aforementioned groups use an intracavity contact scheme to bypass current conduction through the DBRs, it is necessary that the TJ provides enough lateral spreading resistance to uniformly pump the active region. Designs that fail to take this into account tend to produce MM devices which are not suitable for applications requiring signal propagation longer than several hundreds of meters.
The aim of this paper is to model optimal TJ operation for use in SM LW-VCSELs and incorporate the modeled TJ characteristics with an optimized electrical design for the remainder of the device in order to determine the maximum SM output power for our current structure. In Section II, we present theoretical TJ characteristics based on a model developed by Demassa and Knott [15] and compare modeled TJ characteristics to experimental results. In Section III, we derive the TJ resistivities required for uniform current spreading and SM VCSEL operation over a range of aperture sizes. We proceed to use the model from Section II to determine the TJ doping densities required to achieve these desired resistivities. Since the electrical properties of the TJ are then optimized, Section IV examines physical layer thickness design of the TJ using tunneling probability metrics. We compare the optical loss in the experimental structure and the optimized physical design and quantify the effect of growth aberrations on the optical loss. Section V incorporates the results of the TJ optimization in the previous sections with active region diode characteristics, spreading resistance, heterobarrier voltage, and transport resistances to generate a complete -model for the VCSEL. We present two calculated curves-one which closely matches our experimental -results and the other which presents a theoretical -curve for an optimal device. While some reduction in device voltage arises from changes in device geometry and cavity-length reduction, most of the improvement stems from the TJ optimization presented in earlier sections. Finally, we present the theoretical increase in SM output power and roll-off current associated with optimizing the electrical characteristics of the device. cm on the p-side and 5 cm on the n-side. This particular configuration benefits from a Type-II band alignment which facilitates the degeneracy necessary for TJ operation. The fundamental tunneling current is given by [15] (1) where and are the Fermi probability functions in the conduction and valence bands, respectively, and are the density of states functions in the conduction and valence bands, respectively, and is the tunneling probability. Fig. 1 demonstrates that the stated doping levels place the Fermi level significantly further into the conduction band of the n++ side than the valence band of the p++ side. Since changes in Fermi level will more significantly affect the number of available states in the valence band as opposed to the conduction band, acceptor concentration gradients will predominantly determine the current-voltage ( -) characteristics of the diode.
A closed-form solution to (1) is given by (2) where and are the current density and voltage values corresponding to the peak tunneling current density before the Esaki dip [16] . and have been analytically defined by Demassa et al. as [15] (3) and where (4) where and represent the degree of Fermi-level penetration into the conduction and valence bands on the n and p sides, respectively, is the reduced effective mass, is the overlap integral and can be estimated as , and serves as the diffusion potential estimated by . For simplicity, we assume a homojunction model in our calculations. The staggered lineup of AlInAs-InP TJs simply reduces the diffusion potential and the estimations serve as a worst-case scenario.
We can use (3) and (4) to generate theoretical -characteristics for TJs based on doping and bandgap variations and subsequently fit these characteristics to experimental results to deduce the actual doping density of our test structures and devices. Fig. 2 shows -characteristics at various bandgap energies for TJs with the expected doping levels mentioned earlier in this section. According to the data, we should observe a negligible 25-mV voltage drop across our AlInAs-InP TJ at a nominal operating current density of 10 kA/cm and reduce the drop even further by using a 1.2Q AlInGaAs-AlInGaAs TJ. The 1.3Q and 1.4Q TJs are instructive for 1.55-m device design but will severely limit performance in 1.3-m devices due to band-to-band optical absorption. Groups have seen operating voltage drops on the order of 30 mV in InGaAs-based TJs [17] . The 25-mV voltage drop corresponds to an effective contact resistivity of 2.5 -cm , similar to the best p-type contact resistivities and generally accepted n-type contact resistivities [18] , [19] .
No group developing Al-based TJs for LW-VCSELs has reportedly seen characteristics on par with the values observed in Fig. 2 . Our best TJ test structures produce results represented in Fig. 3 , with a contact resistivity an order of magnitude larger than the calculated characteristic results -cm . We display the entire forward and reverse bias sweep of the experimental TJ in Fig. 4 to confirm tunneling operation in our devices. We use the peak current density and voltage in all the modeling presented in this work. Fig. 5 shows calculated TJ characteristics more consistent with our VCSEL TJ characteristics. Based on the model, our best test structures show approximate acceptor doping levels of 1 cm , which is an order of magnitude lower than the designed value. Fig. 5 also shows the impact of 1 cm changes in acceptor doping levels. Equal changes in donor doping levels yield minimal changes in -characteristics. Several tunnel diode device structures, such as metal-insulator-semiconductor (MIS) devices, take advantage of two-step tunneling associated with deep-level interfacial defects to assist in the tunneling process [20] , [21] . Impurities such as Sb at the n++/p++ interface could have the same effect on the TJs examined in this study and, in the process, reduce the absolute resistance of the TJ. Since none of our measured TJs include intentional interfacial impurities, we do not consider the effect of these defects in the modeling of the TJ. Moreover, the mature growth technology associated with the InP-based TJs examined in this work and the onset of tunneling at the origin of thecurve lead us to believe that the structure acts as a standard TJ. That being said, we would like to note that further improvements could potentially be made to our TJ through the incorporation of deep level defects at the tunneling interface such as Sb. As a final comment in regards to tunneling mechanisms, we refer to the onset of tunneling at the origin of the -curve for the experimental TJ characteristics in Fig. 4 . TJ degradation mechanisms involving saturation would manifest themselves as a delay in the reverse bias turn-on characteristics that are not seen in the experimental data.
Actual LW-VCSELs show voltages with even higher extracted resistivities than our best test structures, as will be shown in Section V. Possible reasons for low acceptor levels include nonoptimized C-In and III-V ratios during the epitaxial deposition process and increased dopant diffusion or compensation during growth of the VCSEL structure versus the Hall samples [14] . Furthermore, the electric field gradient will vary for the actual sample when compared with the Hall samples due to the absence of the alternate highly doped layer of the TJ in the Hall sample, presenting another factor which could serve to displace acceptor ions from their primary lattice sites. 
III. LATERAL CURRENT-SPREADING OPTIMIZATION
Given an intracavity contacting scheme, a simple analytic expression to define the current density as a function of distance from the aperture edge is given by [22] ( 5) where is the distance from the aperture edge, is the TJ resistivity, is the contact layer thickness, is the contact layer conductivity, and defines a characteristic length which we will use to determine the optimal resistivity of the current spreading TJ aperture.
In order to realize SM VCSEL operation, the current must spread evenly throughout the TJ aperture. Previous work has shown that, in order for the highly resistive layer to provide uniform current spreading, should be larger than the radius of the current-confining aperture [22] . We hold and constant at values which optimize the optical loss/resistance tradeoff from the contact layer. Fig. 6 plots characteristic length versus resistivity for our given structural and material parameters and denotes the minimum resistivity necessary to evenly spread carriers in apertures of between 8-20 m. Any reduction in resistivity from these values will cause current crowding around the edges of the TJ aperture and enhanced MM VCSEL operation. Our VCSEL results corroborate this model as we see more output power in higher order lasing modes rather than the fundamental mode on devices between 12-20 m [6] . Devices with 8-m apertures show SM operation and, concurrently, more uniform current distribution. According to Fig. 6 , the resistivity threshold for uniform pumping on an 8-m aperture is 6 -cm . While this is a bit higher than our best test structure results, the value is less than what we see in actual devices. Table I shows the p-doping values which correspond to the SM threshold for both 918-and 1200-nm bandgap TJs. We note several observations when considering the data from Fig. 6 and Table I . First, a highly conductive TJ is not the best design for optimized SM performance unless the structure includes an alternate high-mobility layer to spread the carriers uniformly. Second, large devices for use in high-power multimode applications may be better suited for use with current pumping through a DBR which naturally spreads carriers more evenly throughout an aperture than intracavity schemes. However, a highly reflective, highly conductive, and low-loss epitaxial DBR has been difficult to achieve for 1310-nm emitting devices. Solutions such as wafer-bonded devices incorporating conduction through the DBR add an extra voltage component through the bonded interface, and the use of dielectric or metamorphic DBRs eliminates any opportunity to pump current through the DBRs. Therefore, in the case of SM devices, where output power is typically lower, the added free carrier absorption loss and the voltage drops associated with these DBR schemes may limit the benefits of current conduction through the DBR.
IV. WKB PARAMETER AND TUNNELING PROBABILITY
Before calculating the complete device -and -characteristics, we define the physical limits of tunneling in order Fig. 8 . Basic device structure. R represents the bottom contact inner radius and R represents the top contact inner radius. These two dimensions define the lateral spreading resistance associated with the intra-cavity contacts. L defines the length of the p-cladding layer.
to minimize optical loss using a metric coined by Mars et al., which is the WKB parameter [13] WKB (6) As WKB increases linearly, the tunneling probability decreases exponentially. The relationship between these parameters can be found elsewhere [13] . The limits of integration and are delineated in Fig. 1 and serve as the constructs for the quantum tunneling width. The energy potential barrier is defined as -and closely resembles a triangular potential barrier with an energy barrier defined by , where and define the bandgap and electric field, respectively. The WKB parameter serves as a first-order design metric in determining TJ-layer thickness. The TJ needs to be thick enough so as not to deplete the layers, but as thin as possible to minimize free-carrier optical absorption. Fig. 7 displays the single-pass absorption due to free-carrier losses in the TJ versus the relative offset of the TJ layer from a standing wave null for threelayer thickness variations. We calculate free carrier absorption loss coefficients of 65 cm for the p++ side and 20 cm for the n++ side for the optimized doping levels on an 8-m aperture, which is the most likely to provide SM operation, calculated in the previous section [23] . The corresponding optimized doping levels are 5 cm and 1 cm on the p-side and n-side, respectively, corresponding to absorption coefficient values of 13 cm per 1 cm and 2.0 cm per 1 cm , respectively. Zero offset corresponds to the n-p interface placed at a standing wave null. A positive relative offset represents the TJ moving towards the active region of the device. The 20-nm n-layer and the 10-nm p-layer serve as our default test structure values. We can reduce the n-layer thickness from 20 to 10 nm and minimize absorption without any increase in the WKB parameter. We can reduce the n-and p-layer thicknesses even further, but we then begin to see an increase in the WKB parameter and orders-of-magnitude reduction in tunneling probability. The greatest advantage gained from reducing layer thickness and optical loss is improved growth tolerances. We observe an order-of-magnitude increase in loss from growth aberrations on the order of tens of nanometers as we increase the 10-nm TJ layers to 20 nm.
V. VOLTAGE CONTRIBUTION OF OTHER SOURCES IN AN
INTRACAVITY CONTACTED VCSEL STRUCTURE Now that we have theoretically designed the TJ to operate at the lowest possible voltage while still facilitating SM VCSEL requirements, we can incorporate the remaining voltage contributors into a complete electrical model for the device. Fig. 8 shows our complete VCSEL structure.
represents the distance from the top contact to the center of the TJ, represents the distance from the lower contact to the center of the TJ, and represents the thickness of the p-cladding layer. The active region diode, intracavity contact related resistances associated with electron transport from the TJ to the top contact, the bottom contact to the active region, p-cladding layer resistances, and other heterobarrier voltages will also contribute significantly to the overall -characteristics of these devices.
The fundamental equation governing the n-contact layer lateral spreading resistance is given by [24] ( 7) where represents the n-type layer resistivity, corresponds to either the top or bottom inner contact radius, and refers to the TJ aperture radius. We calculate the resistance associated with p-cladding layer vertical transport using the basic equation
, where represents the cross-sectional area and corresponds to the p-type cladding layer resistivity. Modeled voltage contributions from each of these, given the geometries and thicknesses associated with our experimental structure, are plotted in Fig. 9 for an 8-m T J aperture. The experimental structure incorporates a 25-m top inner contact radius and a 46 m bottom inner contact radius. The values for and are 3.8 -cm and 0.4 -cm, respectively, based on InP n-and p-type doping levels of 1 cm and cm , respectively [23] . The 0.3-V built-in voltage is inherent to the ungraded AlInAs-InP interface between the InP n-cladding and the undoped AlInAs active region layer [25] .
We now calculate amount by which we can reduce the voltage contribution of the spreading, transport, and barrier layers by reducing device geometries to sizes still within our fabrication capability. We decrease the top inner contact radius from 25 to 12 m, decrease the bottom inner contact radius from 46 to 25 m, reduce the p-cladding layer thickness from 400 to 200 nm, which is a reduction from a full-wavelength layer to a half-wavelength layer, and grade the doping around the heterobarrier to remove the heterointerface voltage. Table II shows the improvement in differential resistance and voltage calculated at 10 mA for an 8-m aperture for each of these changes. The optimized geometries reduce the initial voltage drop 0.3 V and improve the overall differential resistance by 36.19 . All differential resistance values are calculated for nominal VCSEL operating current levels, i.e., 10 mA. While the voltage improvement due to geometry optimization is not as large as the improvement afforded through TJ optimization, it is nonetheless important as it nudges the total differential resistance towards 50 , which is a key parameter for devices intended for use in transmission-line systems. 
VI. COMPLETE DEVICE MODEL AND SM DEVICE OPTIMIZATION
Now that we have optimized the entire VCSEL design to minimize the voltage contribution of each resistive element in the device while still maintaining uniform current spreading, we can compare -models for experimental and theoretically optimized devices and predict the improvement in output power associated with the voltage reduction. An experimental -curve for an 8-m VCSEL is plotted in Fig. 10 along with two calculated curves. All calculated curves assume an 8-m aperture. The calculated curve which is in strong agreement with the experimental curve is derived using structural and material values equal to those in the experimental structure, which includes an 8-m-diameter aperture, a 400-nm-thick n-contact layer, and a 400-nm-thick p-contact layer. In order for the curves to closely match, we must reduce the actual acceptor concentration in the p++ AlInAs layer of the TJ to 1.7 cm . As mentioned in Section II, the overestimated acceptor concentration can arise from many factors, most of which cause large portions of the C content to act as donors rather than acceptors. Low-temperature AlInAs growth as well as C-In ratio and III-V ratio optimization should improve the acceptor concentration in the p++ layers. Other groups developing TJs for use in 1300-nm VCSELs have demonstrated low-voltage devices and confirm that higher acceptor concentrations are possible, although, to the best of our knowledge, none of these groups have designed TJs to optimize SM characteristics.
The maximum acceptor concentration for SM operation as defined by Table I is 5 cm for an 8-m device. The second calculated curve in Fig. 10 is a result of combining a TJ with an optimized acceptor concentration and the new device geometries stated in the previous section. This curve presents the optimized -characteristics for an 8-m device. The optimization process reduces the differential resistance from 
to 150
and allows the devices to operate well under 3 V, which is an important metric in LW-VCSEL design, since most devices are driven by 3.3-V electrical driver circuitry. Given the theoretical improvement in -characteristics, we can estimate the potential improvement in output power of the VCSEL, as demonstrated in Fig. 11 . We expect the output power to roll over at higher current levels than in the experimental curve due to a slower rate of heating in the active region. The reduction in active region temperature will increase the gain at a given current level. Driving the device at higher current densities will allow excess carriers to contribute directly to stimulated emission and improve the output power of the device. Given a thermal impedance value of 1.289 C mW and the characteristics recorded previously [6] , we can derive a junction temperature-differential efficiency relationship. We can then apply this relationship to a device exhibiting the optimized -characteristics from Fig. 10 in order to predict the differential efficiency at a given current. Using this optimized device design, we see a 1.5-mW increase in output power, which is a significant improvement.
By improving the -characteristics, we not only increase the absolute output power, but we also increase the roll-over current of the device. Because the resonance frequency of diode lasers is inherently based on the difference between the drive and threshold currents, increasing the roll-over current will also serve to increase the modulation bandwidth.
VII. SUMMARY
We present a methodology for TJ design and incorporation in SM LW-VCSELs. Using band diagrams and the WKB approximation, we determine the TJ layer thicknesses which optimize tunneling probability and optical loss due to the TJ. We find that our present 20-nm n++-InP layer can be reduced to 10 nm without any loss of tunneling probability.
Once we determine the physical dimensions of the TJ, we examine the effects of varying the doping levels from our expected levels of 5 cm on the n-side and 2 cm on the p-side and attempt to match experimental TJ results with calculated curves. While it is evident from inspection that our experimental results do not resemble characteristics of highly degenerate TJs, we quantify the discrepancy as an order of magnitude reduction in acceptor concentration on the p++ side of the TJ. Variations in donor concentration do not prove to have much effect on the operation of InP-based TJs. While our designed doping levels would yield low voltage devices, the TJs would not support single-mode operation of VCSELs. An 8-m aperture requires a minimum resistivity of 6 -cm to uniformly inject current into the active region. This resistivity corresponds to an acceptor concentration of 5 cm , which is more than an order of magnitude less than our design levels. Given this optimized resistivity and doping level, we calculate the -and -characteristics for an optimized 8-m device and predict devices operating well under 3 V and SM output powers exceeding 3.5 mW.
